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ABSTRACT
Energy independence, climate change, sustainability and increased reliability are considered
key drivers for the growing deployment and penetration of distributed energy resources into
the electric grid. But when distributed energy resources (DERs) are integrated together and
are interconnected with loads within a defined electric boundary, we end up with what the
industry calls a microgrid, which is essentially a small-scale power system that is capable
of disconnecting and reconnecting to the utility grid. When the utility grid experiences a
disturbance, a microgrid can disconnect from the utility grid and island its interconnected
loads, thus continuing to provide energy service until the utility grid is back on. A microgrid
provides resiliency and reliability to its interconnected loads. In the relatively short history
of microgrids, many were built as small research projects. As the cost of DERs continues to
decline, as microgrid technologies continue to advance, and as customer expectations for a
higher level of resiliency and reliability continue to rise, the need for utilities and policymakers
to better understand the functionality and impact of microgrids on the electric distribution
grid becomes evident. This thesis discusses in depth the design, integration and control of
the most advanced microgrid in North America. The thesis provides a comprehensive review
of the engineering studies, analysis and considerations that are key to designing utility-scale
microgrids. Furthermore, the thesis dives deep into the control strategies and layers that
allow this microgrid to deliver the higher levels of reliability and resiliency that it promises,
as well as a whole host of other benefits that can only be achieved when these complex
control layers are deployed and properly implemented. The microgrid design was based on
well defined use-cases that will be implemented, tested and analyzed in the future, to gain
the necessary knowledge and expertise in the overall potential benefits of microgrids. This
work provides the electric power community with a vision for the benefits that advanced
utility-scale microgrids can bring to the electric grid and to utility customers.
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CHAPTER 1
INTRODUCTION
Originally in the United States, the electric power grid (transmission and distribution) op-
erated on a local, isolated and small scale. As late as 1918, major cities were operating
their own grids and were islanded from each other. Recognizing the poor reliability of these
early power systems, it became clear that interconnecting these power systems and grouping
resources would improve reliability.
The electric power system has evolved to utilize centralized power plants, benefiting from
the economies of scale and significantly increasing its interconnectivity for reliability. Figure
1.1 shows the one-way power flow of the grid’s centralized generation. In recent years there is
a new wave of support for the microgrid approach, to complement the traditional centralized
power grid. This is driven by the need for higher reliability, advancement in distributed
generation and storage technologies, and advanced energy management systems and demand
control, all of which help to overcome the challenges of operating small power systems. Figure
1.2 shows what the grid of the future looks like with multiway power flows.
An industry-accepted definition of a microgrid is: a group of interconnected loads and
DERs within clearly defined electrical boundaries that acts as a single controllable entity
with respect to the grid. A microgrid can connect and disconnect from the grid to enable it
to operate in both grid-connected or island mode [2].
Figure 1.1: Grid with Central Generation and One-Way Power Flow [1]
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Figure 1.2: Grid of the Future, with DERs and Multiway Power Flow [1]
Figure 1.3: Example of Microgrid Architecture on Radial Distribution System [1]
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The above definition presents microgrids as small-scale power systems with the ability to
self-supply, island, distribute, and regulate the flow of electricity to local customers. Micro-
grids can be thought of as a self-contained organization of DERs and demand management
that are capable of supporting the grid, but are typically not designed to operate indefi-
nitely without being connected to the traditional utility infrastructure. Figure 1.3 shows an
example of a microgrid on a radial distribution system.
DERs that are connected and integrated as microgrids have the potential to provide a
wide range of benefits for the utility grid and its customers:
1. Improved reliability and outage resiliency
2. Diversification of energy sources
3. Energy cost reductions
4. Energy efficiency and demand response
5. Ancillary services
The installed microgrid capacity is estimated to grow from 1.1 GW in 2012 to 4.7 GW in
2017 where the market opportunity is estimated to be $17.3 billion [3]. A report released
by Navigant Research in April 2013 stated that more than 400 individual microgrid projects
are currently in operation or under development worldwide [4]. We can see a considerable
growing interest in microgrid research. A core recommendation of the December 2014 fi-
nal report “Microgrid for Critical facility Resiliency in New York State,” prepared for the
New York legislature, was that the state in collaboration with the utilities should continue
supporting research on the deployment of microgrids [5].
The interest in integrating DERs and microgrids is fueled by value propositions that
include increased renewable energy resources, optimized energy delivery by local generation
control, a more resilient electricity supply to customers amid storms, and enhanced resiliency
of critical assets, all of which are very important to Ameren Illinois. To some extent, these
objectives are already being served in various applications and with available technologies,
like battery storage and backup generators that protect critical facilities such as hospitals.
Another example is photovoltaic systems that can already be found in small quantities on
rooftops throughout the Ameren Illinois service area. However, as the installation of DERs
becomes more prolific, what is missing for Ameren Illinois is a critical understanding of how
these distributed energy resources interact with the grid, and the capabilities to operate the
grid to efficiently integrate, control, and manage these distributed energy resources to balance
supply and demand at a local level. In a microgrid concept, an integrated approach is used to
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capture the benefits of several technologies, providing value for the DER owners, customers,
and the utility. The goal of this project for Ameren Illinois is to gain the understanding
and capabilities to effectively integrate DERs specific to the Ameren Illinois infrastructure,
systems and environment—for the benefit of Ameren customers.
The proposed Technology Application Center (TAC) substation location for this project
provides an opportunity to test and validate the viability, functionality, consistency, relia-
bility, compatibility, and interoperability of DERs and a microgrid with the utility grid.
1.1 Background and Motivation
As mentioned above, Ameren Illinois believes that as the cost of DERs continues to decline,
and as stakeholders continue to advocate for larger percentages of electric generation coming
from renewable resources, the penetration levels of DER, particularly renewable DERs, will
continue to rise. Ameren Illinois could take a reactive stance to these forces and merely wait
to take action when DER penetration begins to adversely affect the electric system. However,
Ameren Illinois does not believe this reactive approach would be in the best interest of its
customers; nor would it be consistent with the policies of the Illinois Commerce Commission
and the goals of the Energy Infrastructure and Modernization Act. In order to effectively
prepare the grid for the anticipated increase in DERs, and to effectively manage the grid
in the future, Ameren Illinois believes new capabilities are needed. Therefore, a proactive
approach to developing these capabilities is prudent. The purpose of this DER integration
project is to install the infrastructure to test and develop such capabilities before and as they
are needed. The objective of this project is to implement an advanced integrated grid testing
infrastructure that will test the integration of diverse distributed generation and storage
sources with Ameren Illinois’ electrical distribution network. Phase I, just completed in 2016,
included DER, switching, control, and other infrastructure tied to a dedicated TAC testing
circuit. This infrastructure will be used for development and testing of DER integration and
control techniques within the more controlled grid environment that the TAC test circuit
provides. Table 1.1 lists the use-cases that will be tested by this microgrid over the next few
years.
A few microgrid trials have taken place in the US, most of which have been on a smaller
scale and not directly applicable to real utility operating environments. Ameren Illinois’ DER
Integration project differs from many of the previous efforts by attempting to maximize the
knowledge base and the learning opportunities as follows:
• This project will leverage the existing 12 kV grid infrastructure at the TAC.
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Table 1.1: Ameren’s Microgrid Use-Cases
Use Case Priority Use Case
1 DER Monitoring, Control and Integration
2 DER Optimal Power Flow
3 Integration with existing ADMS System
4 Frequency Control
5 Volt/Var Control
6 Power Quality
7 Grid Connected Transition
8 Islanded Transition
9 Islanded Mode of Operations
10 Grid Connected Mode of Operations
11 Demand Response
12 EV Integration
13 Peak Load Shaving
14 Optimal Economic Dispatch
15 Storm Preparedness
16 Operational Standards and Procedures
• This project will investigate how to operate DER to best capture the reliability, re-
siliency, and economic value DER integration could bring to Ameren Illinois and its
customers.
• This project will investigate the ability to use pricing and other control signals to
manage DER integration and grid operations.
• This project will be at a significant scale of approximately 1.5 MW.
1.2 Review of Utility Scale Microgrids
Utilities across the US have been investigating the benefits of microgrids. These utility
microgrids vary in scale, capacity and functionality. It is important to distinguish between
utility microgrids that operate behind the meter from those that operate “in front of the
meter.” Generally speaking, behind-the-meter microgrids have one owner and can support
one or more building/loads. Behind-the-meter microgrids may export excess energy onto
the grid, but they do not support utility feeder customers in an islanded situation and they
do not participate in the energy markets. In-front-of-the-meter may incorporate facilities
owned by multiple owners and are most likely to be managed and operated by a utility.
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This section will review some of comparable utility scale microgrids and establish a baseline
against which the Ameren microgrid can be compared.
1.2.1 Duke Energy
In 2009 Duke Energy launched a demonstration project initiative at its McAlpine Creek
Retail Substation in south Charlotte, North Carolina. This substation has become Duke’s
test site for new technologies, where pre-scale deployments take place, allowing Duke to
evaluate several smart distribution applications. In 2014 Duke added controls and switches
to on-site DERs and created an in-front-of-the-meter microgrid to improve reliability and
resiliency of critical infrastructure, the McAlpine Creek fire station. The McAlpine Creek
fire station is primarily fed by the McAlpine Creek Substation. Adjacent to the fire station
is a microgrid that consists of smart automated switches, a central microgrid controller, a
50 kW solar array and a 500 kWh battery that are connected to the distribution system via
a step-up transformer. Duke’s microgrid will allow the fire station to be fed by its DERs
in the event of an abrupt or a planned prolonged outage. Figure 1.4 shows the schematic
of the islandable microgrid. It is important to note here that this microgrid is a utility-
controlled single-customer microgrid and that Duke’s focus is testing the reliability and
resiliency improvements that microgrids can provide to similar infrastructure, with emphasis
on automatic operations [6].
1.2.2 San Diego Gas and Electric (SDG&E)
Funded mainly though grant money from the US Department of Energy (DOE) and the
California Energy Commission (CEC), as well as cost share provided by SDG&E and other
project team members, SDG&E led a demonstration project that focused on the design,
installation and operations of a utility-scale “proof-of-concept” in-front-of-the-meter micro-
grid. The microgrid was an existing SDG&E feeder serving 615 customers with a peak load
of 4.6 MW in the remote area of Borrego Springs, California. The microgrid consisted of
manual switches, a central microgrid controller, two 1.8 MW diesel generators and two 500
kW batteries. SDG&E used the microgrid components to test different use-cases such as
peak load shaving, VAR support and most importantly islanded operations. The SDG&E
microgrid tested its ability to improve resiliency and reliability to its customers through
planned tests as well as during unplanned severe weather conditions that affected the Bor-
rego Springs area. It is important to note that although the microgrid was able to support
the utility customer loads during the aforementioned events, most of the operations to island
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Figure 1.4: Duke’s McAlpine Microgrid [6]
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Figure 1.5: SDG&E Borrego Spring Microgrid [7]
the mircogrid and connect it to the utility customers in need were through manual switch-
ing operations and without independent automation [7]. Figure 1.5 shows the one-line of
SDG&Es microgrid.
1.2.3 Oncor
Located in Lancaster, Texas, the Oncor microgrid is a behind-the-meter utility-scale micro-
grid that was completed in 2015. This project was driven primarily by Oncor’s need to test
the improvements in resiliency and reliability that microgrids bring, as well as its need to
educate its own workforce and the Texas Electric Commission on the challenges, opportu-
nities and benefits of microgrids. The Oncor microgrid consists of automated switches, a
central microgrid controller, a 65 kW natural gas micro-turbine, a 200 kW battery and 100
kW of solar. This microgrid primarily served Oncor facilities and buildings located behind
the meter and did not connect to the utility grid customers. The reason it was restricted
to serving Oncor buildings and assets only is that state regulatory restrictions did not allow
utility-owned generation assets to serve the utility grid. The microgrid focused on investi-
gating the resiliency and reliability improvements it brings to behind-the-meter customers,
with a focus on using cloud services for forecasting and market interfacing. It is important
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Figure 1.6: Oncor’s Lancaster Microgrid [8]
to note that this microgrid was the most advanced in the US until Ameren’s microgrid took
place late last year [8]. Figure 1.6 shows Oncor’s microgrid.
1.3 Thesis Outline
This thesis is organized as follows. In Chapter 2, we delve into the design considerations and
operational philosophies of the Ameren microgrid. We discuss the thought process and the
steps taken to size the generation assets. We then review the physical design and connectivity
of the microgrid at the selected TAC site. We dive deep into the engineering studies that are
essential to understanding the operations of the microgrid and that create the foundations
for the engineering design. In Chapter 3, we describe the control schemes and hierarchy
implemented for the Ameren microgrid. We describe each level of control in depth and then
review the use-cases that the microgrid was designed to accomplish. We conclude with some
remarks that highlight the uniqueness of the Ameren microgrid and discuss future work
ahead in Chapter 4.
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CHAPTER 2
DESIGN AND OPERATIONS PHILOSOPHY
2.1 Introduction
The Ameren Technology Application Center (TAC) is a test bed infrastructure located in
Champaign IL. This test bed consists of a 12.47 kV substation that is connected to the
Ameren power system through a 7.5 MVA, 69 kV/13.09 kV main power transformer. The
12.47 kV substation feeds two distribution feeders. The first is a test feeder that serves
the Technology Application Center building along with some poles, overhead conductors,
underground cables, and a few distribution pad-mount transformers, all of which are con-
structed to allow for product and technology testing. The second distribution feeder serves
192 customers, made up of a mix of residential and commercial loads. Figure 2.1 shows the
one-line substation diagram for the TAC substation.
Ameren’s design considerations started by identifying the different DERs that will make
up the generation mix of the microgrid. Solar PV and wind were straightforward choices.
Natural gas generation was also an easy and straightforward choice, being the cleanest and
cheapest fossil fuel available on the market today and because of the availability of a natural
gas supply station at the TAC facility. Energy storage is a natural complement to the
renewable assets, and that was added to the DER mix. An interesting addition to the DER
mix was the availability of an EV charging station at the Ameren TAC facility.
2.2 Generation Capacity Sizing
With the generation mix determined, the next step was for the Ameren team to determine
the generation capacity of each asset. As discussed previously, reliability and resiliency are
the two of the most important functions of a microgrid. In the case of this microgrid, the
Ameren team had decided to design a microgrid that would be able to support the entire
load on the customer feeder of the TAC substation, during an islanded scenario. The load
profile for the customer feeder is represented in Figure 2.2. Figure 2.3 shows a zoomed-in
10
Figure 2.1: Ameren’s Technology Applications Center (TAC) Substation
11
Figure 2.2: TAC Substation Load Profile 2015
hourly load profile for a week in July 2015. According to the load data from the year 2015,
the customer feeder had a peak load of 0.97 MW. The microgrid DERs should then be
designed to have a minimum generation capacity equivalent to the maximum customer load.
Knowing the intermittent nature of the renewable DERs, it is obvious then that the choice
of the natural gas generator size would have to be equal to or greater than 0.97 MW.
Choosing the generation capacity of the solar PV, wind and energy storage was not as
straightforward as it was for sizing the natural gas units. When the Ameren team began
exploring the sizing of the renewable DERs, the team was primarily restricted by available
real estate at the TAC substation, and considerations for city permits and zoning had to be
taken into account. Permits for the city of Champaign restricted Ameren’s choice of wind
turbines to below 175 ft. in height. Wind turbines with heights below that city requirement
limited Ameren to wind turbines with capacities of 100 kW and below. The shading caused
by the wind turbine along with its fall radius are factors that further restrict the available
area for construction.
The TAC substation had approximately two acres of available real estate for the microgrid.
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Figure 2.3: TAC Substation Load Profile Zoomed-In for One Week
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Table 2.1: DER Mix and Capacities
DER Asset Capacity
Solar PV 125 kW
Wind Turbine 100 kW
Natural Gas Generator x2 1 MW
Battery 250 kW
These two acres, however, had a main natural gas transmission pipeline that ran diagonally
through them. The significance of the transmission line is the fact that any construction
around it had to have specific distance clearance on both of its sides that took away from
available space for DER construction. Due to the criticality of the gas transmission line,
the Ameren team had to pay special attention to protecting it from the unlikely scenario of
a falling wind turbine. This left Ameren with less than three quarters of an acre to work
with. The maximum number of PV modules that Ameren could potentially fit in that space
would amount to about 125 kW of solar generation. See Figure 2.4 for final microgrid DER
locations.
The total capacities of the renewable DERs would be approximately 250 kW and, equiv-
alently, an energy storage system rated for 250 kW and above would be adequate to store
the maximum DER capacity output. At this stage, the preliminary generation capacities of
the DERs are 100 kW of wind, 125 kW of solar PV, 250 kW of energy storage and 1 MW
of natural gas generation. As the team moved towards implementation, Ameren chose to
utilize two 500 kW natural gas generation units. This move made sense in particular when
considering that the feeder load was less than 500 kW for 50% of the time in 2015, and less
than 750 kW for 90% of the time in 2015. This meant that for a given islanded scenario, one
natural gas generator along with the energy storage and available DERs would be sufficient
to meet the feeder load requirements most of the time, leaving a second unit for redundancy
and for the rare instances of islanding during peak load. Table 2.1 summarizes the final
choices of the DER capacities.
2.3 DER Physical Configuration and Connectivity to Utility Grid
The integration of the above selected DERs can take many shapes and configurations. The
Ameren team had a specific strategy for connecting, integrating and configuring the micro-
grid. First, Ameren wanted the ability to connect each asset independently to the utility grid
and the flexibility to integrate one or more DER assets together and/or onto the grid. This is
typically achieved in the industry by using switchgear equipment, which is a combination of
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Figure 2.4: TAC Substation DER Location Design
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motor-operated switches that have control and protection relays associated with them. The
above strategy would also require each asset to have its own step-up transformer that would
connect it to the appropriate voltage to the switchgear and to the utility grid. Additionally,
the Ameren team wanted the ability to test several use cases without disrupting the actual
customer load, and Ameren planned to achieve that by adding a load bank to the switchgear
configuration. Figures 2.5-2.6 show Ameren’s microgrid layouts and one-lines as part of the
TAC substation.
It is interesting to note the different wye and delta connections between each DER and
the step-up transformer. In the case of DERs, the choice of delta or wye connection starts
with understanding the asset’s mode of operation, by which is meant either voltage source
(grid forming) or current source (grid following). A voltage source asset will typically require
all three positive, negative and zero sequence components of the voltage available to it. In
this microgrid, two assets can play a voltage source (or grid forming) role; these two are
the natural gas generators and the energy storage system. The natural gas generator is
wye-grounded connected on the 0.48 kV side and generates its own positive, negative and
zero sequence voltages. The 12.47 kV side of that step-up transformer was selected to be
connected wye-grounded as well, keeping the transformation as is and allowing a ground path
for any high-magnitude fault currents from a safety standpoint. The energy storage system
is connected on the 0.38 kV side via a delta connection, which means it has only the positive
and negative sequence voltages available to it and needs the zero sequence voltage reference
to be able to operate in voltage source mode. The wye-grounded 12.47 kV connection of
that transformer provides the needed zero sequence voltage reference.
The solar PV and wind DERs can only operate in a current source (grid following) mode.
This means that the zero sequence ground reference is not needed. A wye-grounded con-
nection on the 0.48 kV can be transformed via a delta connection on the 12.47 kV without
causing any problems.
2.4 Short Circuit Study
A short circuit analysis needed to be performed for the microgrid to determine the available
short circuit currents at the site during different operational scenarios. The short circuit
currents calculated in this study are then compared against the different microgrid and
substation equipment ratings to identify any needed design or rating upgrades.
A short circuit study starts with gathering the necessary impedance and equipment rating
information for the existing utility infrastructure and system configurations as well as the
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Figure 2.5: Ameren Illinois’ Utility Scale Microgrid
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Figure 2.6: One-line Schematic of the Microgrid
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Figure 2.7: TAC Substation Circuit Model with DERs Added in the Microgrid
Configuration
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Table 2.2: Ameren TAC Substation 12.47 kV Low Side Source Impedance - Positive
Sequence Impedance (Ohms)
R X
0.1299 1.6716
Table 2.3: Ameren TAC Substation 12.47 kV Low Side Source Impedance - Zero Sequence
Impedance (Ohms)
R X
0.1230 1.5992
DER and microgrid new configurations. Tables 2.2-2.6 list all the system data needed for
the short circuit study calculations. The detailed calculations of the short circuit study are
presented in Appendix A. The core concepts revolve around the fault current contribution
of inverter based DERs as well as the natural gas generators, in both islanded and grid-
connected modes of operation. The concern here is that the addition of generating assets to
the distribution system contributes more fault current when they are connected to the grid,
and quantifying these contributions will be essential to designing the protection requirements
for the system. Similarly, when the microgrid is islanded, short circuit fault currents are
drastically different from those when the utility strong source is present. The findings of
the study will feed right into the protection design and selection necessary for each mode of
operation.
In the short circuit study, the inverter-based DER fault current contribution is typically
modeled as a multiplier of the DER maximum current output. This is due to the fact that
the inverter-based DERs operate in current source mode of operation. For this microgrid,
the solar inverter for example will produce a maximum short circuit current fault magnitude
of 1.2 times its maximum current output. This same multiplier applies also to the wind
inverter. The battery storage SMS inverter, however, has a rated maximum fault current of
800 A. Figures 2.8 and 2.9 show the results of the short circuit study for both grid-connected
and islanded modes of operation.
Table 2.4: Natural Gas Generator Impedance Data
Reactance Ohms
Positive Sequence 0.0434
Negative Sequence 0.0433
Zero Sequence 0.0120
Stator Resistance 0.0096
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Table 2.5: Step-up Transformer Data
Reactance kVA X\R %Impedance
Natural Gas Generator 1250 8 5.75
Battery Storage 300 8 5
Table 2.6: Inverter-Based DER Short-Circuit Fault Current Contributions
Inverter Based DER Short-Circuit Current
Solar 120% of Maximum Current Output
Wind 120% of Maximum Current Output
Battery Storage 800 A
Figure 2.8: Short-Circuit Fault Current Contribution for the TAC Substation during
Islanded Mode of Operation
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Figure 2.9: Short-Circuit Fault Current Contribution for the TAC Substation during
Grid-Connected Mode of Operation
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Figure 2.10: August 2015 Circuit 371 Unbalance
2.5 Circuit Unbalance
In electric power distribution networks, circuit unbalance is a common problem. Unbalance
typically is a function of the radial nature of the distribution system that consists of single-
phase laterals and a large number of single-phase customers. Generally, the impacts of
load unbalance cause real power losses and poor power factor across the circuit, and it is
a common practice for power distribution utilities to analyze and address. However, this
problem was more evident during the design phase of the microgrid, in particular when
considering the islanded mode of operation. In islanded mode, all the DERs are three-phase
generating assets and can handle a small amount of load unbalance before their generation
is interrupted. With the above in mind, it was necessary to first take a look at the existing
load unbalance on circuit 371 to determine whether it meets the generation asset rating for
unbalance. Figure 2.10 shows the single-phase loading of circuit 371 during the summer of
2015.
The unbalance on this circuit, as evident from Figure 2.10, is very high. It was calculated
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Figure 2.11: Improvement in Circuit 371 %Unbalance after Circuit Reconfiguration
that the maximum %unbalance on the circuit for the month of August 2015 was about 65%.
Typically, current and voltage unbalance produces negative sequence currents that result in
high and dangerous temperatures for the generator in a short period of time, making the
unbalance issue in the islanded mode a big concern. Taking into consideration that during
islanded mode, the DERs can handle a maximum of 10% load unbalance, drastic changes had
to be made to reconfigure the single-phase customer loads and move loads between phases to
accomplish the maximum %unbalance allowed by the DERs. This task was accomplished by
Ameren’s engineering unit, running phase balancing reports and shifting loads in Ameren’s
power distribution system analysis tool, Synergi, to achieve the desired %unbalance. Ameren
division line resources were able to then make the field changes. Using SCADA, the load
profile was plotted before and after the changes were made, and the new and improved
%unbalance can be seen in Figure 2.11.
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2.6 Power Flow Study
The power flow study is necessary to determine the steady-state voltages, currents, real and
reactive power flows across the system under various load conditions. The original Synergi
circuit model for the TAC was modified to include the microgrid DERs, transformers and
switches. Figure 2.7 shows the Synergi circuit model updated with the microgrid components.
It was quickly realized that running any analysis for the islanded mode was not successful
in Synergi without making specific modifications to the microgrid configuration. When
islanded, the TAC Synergi circuit model has no slack bus to provide voltage and phase angle
references needed to perform the power flow calculations. With that said, adding a slack bus
was necessary, and that was simply accomplished by placing a source with impedance equal
to the total impedance of the parallel natural gas generators, a voltage of 120 (nominal) and
phase angle of zero. With that fix in place, switching between grid-tied and islanded modes
of operation became a simple task that could be accomplished by changing a few switch
positions on and off. Descriptions and study results for the different operating conditions
are discussed below.
2.6.1 Grid-Tied
In this scenario, the microgrid DERs are all connected to the utility system and are generating
power at their rated capacity. Because the total capacity of the DERs is greater than the
peak demand of the TAC substation (load of 371 and 372), the microgrid will be exporting
power to the grid through B100 and the 69 kV system, as shown in Figure 2.12. The results
of the power flow for this scenario show that voltages across the system and the microgrid
area remain within adequate limits as summarized in Figure 2.13. The power flow results
indicate that under these operating conditions, voltage levels are expected be close to the
substation voltage operating level with a 0.17% voltage drop across the system.
The voltage regulators on circuit 372 were set to bi-directional mode, allowing them to
regulate the voltage in both the forward direction (normal power flow direction from utility
to loads) and in the reverse direction (reverse power flow direction from microgrid DERs
back to the utility). The bi-directionality works as designed to maintain voltage on the
utility bus and the DER microgrid area within the specified voltage regulator set points (125
V setpoint with a bandwidth of 2 V). In general, in grid-tied mode, the results indicate that
the system configurations do not require any changes, and the system overall maintained
adequate voltage and power flow limits.
25
Figure 2.12: Grid-Tied Power Flow Showing Excess Power Flowing Back to the Utility Grid
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Figure 2.13: Grid-Tied Power Flow Showing Adequate Voltage Levels across the System
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2.6.2 Islanded
In this mode of operation, the system will be supplied by the microgrid DERs only while
disconnected from the utility grid. As mentioned before, a slack bus was needed by the
Synergi model to allow the power flow analysis to run.
The first round of power flow results was obtained by setting the DER step-up transformer
taps at nominal voltage ratio (tap setting of 1 p.u.). This showed a much lower voltage level
for the system during the islanded operations, primarily due to the voltage drop of these
transformers when DERs are supplying the loads. Figure 2.14 shows the voltage levels at
the DER microgrid bus, with DER transformers set at nominal tap setting. The voltage
levels can be improved for the entire system by setting the high-side voltage tap of these
DER transformers higher than nominal. Setting the natural gas generator high-side tap to
105% and the other DER transformers to 102.5% will not only improve voltage levels for the
system, but also help relieve the voltage regulators on circuits 372 and 371 from operating
at a higher capacity.
During lightly loaded operation the DER transformer fixed tap positions will still maintain
system voltage slightly higher, but less than 105%. The selected fixed tap position (105%)
will not boost generators operating at nominal voltage of 480 V to greater than 105% at
12.47 kV because the generator reactive power output will result in a voltage drop across the
step-up transformer. The generators are never expected to operate at leading power factor
(consuming vars) because there is no source of excess reactive power, such as oversized
capacitor banks, on the distribution system. Figure 2.15 shows the improvements of voltage
levels due to changing the high-side voltage tap positions of DER transformers.
2.6.3 Capacitor Operations
The power flow study showed that the voltage regulators are capable of keeping the voltage
levels within acceptable limits. No additional capacitor banks are needed to support the
voltage profile. During lightly loaded system conditions, a capacitor bank could undesirably
increase the voltage levels on the system. Another concern with an added capacitor bank
to the circuit is the excess reactive power that would be produced during lightly loaded
conditions. The excess reactive power produced in that situation will have to be absorbed
by the natural gas generators, which have a limited ability to do so. Figure 2.16 shows the
natural gas generator reactive capability curve.
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Figure 2.14: Much Lower Voltage Level with DER Transformers Set at Nominal High-Side
Tap Position
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Figure 2.15: Voltage Levels Adequate for the Microgrid DER Bus after Setting
Transformer High-Side Tap Position for Natural Gas Transformer at 105% and the Rest of
the DER Transformers at 102.5%
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Figure 2.16: Natural Gas Generator Reactive Capability Curve
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Figure 2.17: TAC Substation and DER area Protective Elements
2.7 Protection
From the discussions above, it should be clear that the microgrid will have a wide range of
system conditions: grid-connected, islanded, black start, etc. making the task of designing
the protection and restoration logic very challenging. To address these challenges, a relaying
scheme that utilizes direction and non-direction overcurrent protection elements, communi-
cations, voltage protection elements, and frequency protection elements has been deployed
to detect and isolate faults on the system in a fast, secure and selective manner. To describe
the general protection philosophy, it is first important to describe the existing protective
devices at both the TAC substation and at the DER/microgrid area.
TAC Substation: As shown in Figure 2.17, the TAC substation has three SEL-651R relays
that are associated with three G&W Viper reclosers: B100 (Bank Recloser), Circuit 371 and
circuit 372. Each of these relays is capable of providing voltage, frequency, overcurrent and
synchronization protection. Each relay receives current input from the recloser built-in CT
(current transformer). Each relay also receives voltage inputs from the built-in capacitive
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Table 2.7: ANSI Standard Device Numbers & Acronyms for Electrical Power [12]
Device NO. & Acronym Description
25 Synchronizing or Synchronism-Check Device
27 Undervoltage Relay
50 Instantaneous Overcurrent Relay
51 Ac Time Overcurrent Relay
59 Overvoltage Relay
81O Over Frequency
81U Under Frequency
MFM Modified Frequency Modulation
voltage sensors (VSA) located on both sides of the recloser.
DER/Microgrid: As shown in Figure 2.17, the microgrid DERs are connected through
an S&C Vista 606 switchgear unit. The Vista unit is equipped with six fault-interrupters
on each of its ways. Each way is controlled via an SEL-751 directional sensing relay. Each
relay is capable of providing voltage, frequency, overcurrent and synchronization protection;
however, the Vista will not be used for synchronization of DERs. Each relay receives voltage
and current inputs from the line side of the fault-interrupter. For a description of each
protective element acronym from Figure 2.17, Table 2.7 was provided.
To understand the protection methodology for the system, it is important to understand
the different configurations that the system could be in when operating in either mode of
operation (grid-connected and islanded). Table 2.8 describes the different possible configu-
rations.
For each mode of operation, and as previously explored in the short-circuit study, fault-
current levels vary drastically. For this reason, the recloser and Vista relays will be pro-
grammed in two different setting groups, which will be applied and activated depending on
whether the system was operating in grid-connected or islanded mode. Table 2.9 describes
the basic settings and group protection philosophy for each mode of operations as well as
the transitions between settings.
We have defined the types of protective devices, relays and modes of operations that the
system will be in; now we can dig deeper in the protection philosophies. Because both
grid-connected and islanded modes of operation present challenges to detecting fault direc-
tionality, both SEL 751 and 651R relays will use internal directionality determination in
conjunction with supplementary logic to determine fault directionality based on measured
parameters. For this project, directionality is defined as follows:
• Substation Relays (SEL 651R relays at reclosers)
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Table 2.8: Microgrid Modes of Operations
Mode of
Opera-
tions
B100
Re-
closer
371
Re-
closer
372
Re-
closer
Vista Description
Grid-
Connected
Closed Closed Closed
Ways
1-5 are
closed
All reclosers are
closed. All Vsta
ways are closed.
Loads on 372 and
371 are fed through
the substation
transformer. DERs
can be feeding into
the utility system.
Islanded-
372 &
371
Open Closed Closed
Ways
1-5 are
closed
Disconnected from
the utility. All real
and reactive power
needed by the loads
on 372 and 371 is
supplied by DERs.
Islanded-
372 only
Open
or
Closed
Open
or
Closed
Open
Ways
1-5 are
closed
System is capable
of islanding with
372 recloser as
the islanding point.
Reclosers B100 and
371 may be open or
closed depending
on prior system
conditions.
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Table 2.9: Protection Setting Group Selection and Transition
Mode of Opera-
tions
Description
Grid-Connected
The utility provides a stiff-source, with little de-
viation in frequency in the event of a fault. This
allows the protection scheme to be based primar-
ily on overcurrent elements, with voltage and
frequency elements serving as backup protec-
tion. The overcurrent elements are set to pro-
tect power system equipment while avoiding op-
eration on energizing.
Islanded
In this mode, the utility source is lost, and thus
there will be significant deviation in voltage and
frequency, as well as decreased short circuit cur-
rent in the event of a fault (see short-circuit
study results). With this new set of conditions,
the protection scheme Is then based primarily
on voltage and frequency elements, with over-
current elements serving as backup protection.
The over current elements are set more sensi-
tively, as the DERs provide substantially reduced
short circuit current in the event of a fault or load
energizing.
Transition
Settings group transition order will be made so
that the appropriate relays are to be used for the
loss-of or reconnection-to the utility source. The
transition from grid-tied to island-modes will be
initiated by the microgrid controllers. The Vista
relays will switch settings groups based on this
command. Similarly, the transition from micro-
grid to grid-tied mode will also be initiated by
the microgrid controllers. The recloser relays
will switch settings groups based on this com-
ments. A detailed description of the role of DER
controllers can be found in Chapter 3.
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– Forward direction: From the utility to the microgrid Vista and loads
– Reverse direction: From the microgrid Vista and loads to the utility
• Microgrid Vista Relays (SEL 751 relays)
– Forward direction: Out of the Vista switchgear
– Reverse direction: Into the Vista switchgear
A fiber-Ethernet network is placed in order to facilitate communications between the sub-
station relays, microgrid relays, microgrid controllers, DERs, and SCADA devices. IEC
61850 GOOSE messaging will be used for the relays to communicate device position, di-
rectional blocks, voltage, transfer trips, and other pertinent information to each other in
a peer-to-peer configuration. The relays will also report to the microgrid controllers and
SCADA devices via MODBUS TCP over the same fiber-Ethernet network. The microgrid
controllers will issue commands to the DERs, reclosers and Vista relays via the fiber-Ethernet
network. More details regarding IEC 61850 and GOOSE messaging are available in the ap-
pendix. MODBUS TCP and DNP 3 communication protocols are also referenced in the
appendix. When any relay issues a protection trip, the trip must be acknowledged and
addressed. The assertion of any relay’s trip bit sets a tripped bit flag in the relay, which
is communicated to the microgrid controller via MODBUS for SCADA reporting. If the
trip flag is set because of an overcurrent event, the relay’s tripped bit flag will alert system
operators and block close commands sent to the initiating relay. If the trip flag is set due
to a voltage or frequency event, the relay’s trip bit flag will only alert system operators and
still allow close commands to the initiating relay. The tripped flag in either case can be
reset from the microgrid controller via an operator command, via SCADA, or locally at the
relays.
Once a relay has determined directionality, it will broadcast a blocking signal via IEC
61850 GOOSE messaging to the appropriate relays in order to restrain their tripping. Each
relay will send a blocking signal to the electrically nearest relays in the opposite direction
that the fault was detected, and those relays will restrain from operating on fault current
detected in the direction of the relay that sent the block signal. For example, if Vista Way
1 detects fault current flowing into the switchgear (reverse direction), it will restrain the
upstream R-372 relay from tripping in the forward direction. If Vista Way 1 detects a fault
out of the switchgear (forward direction), it will restrain all other Vista relays from tripping
into the switchgear (reverse direction). In the event of a loss of communication to other
relays, the relay will no longer receive an appropriate block signal, and must be able to
still reliably trip in the event of a fault scenario. This can be accomplished by including a
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Figure 2.18: Fault Location Diagram
sensitive, timed delayed, overcurrent element in the trip equation that is supervised by a loss
of communication bits.
A transfer trip protection scheme is implemented using Ethernet communications and
IEC 61850 GOOSE messaging. Communication-based transfer trip schemes enable remote
tripping of circuit breakers by sending trip signals to adjacent circuit breakers in a faulted
zone to ensure the fault will be isolated and cleared. In the event that a relay’s trip equation
asserts due to an overcurrent element, a timer is started. If the fault is not cleared before the
timer times-out, then the relay will broadcast a breaker failure trip to all adjacent devices via
an IEC 61850 GOOSE message, in order to properly isolate the faulted zone. Furthermore,
transfer trips may be issued to clear a bus (e.g., B100 transfer tripping 371 and 372 in the
event of a fault detected at the substation bus) or a line (e.g., 372 transfer tripping in the
event of a fault detected on circuit 372). In the event of a fault on the upstream 69 kV
system, the utility will issue a direct transfer trip (DTT) to the TAC Microgrid center. This
command will trip Vista Way 4 in order to isolate the NG generators, allow reclosing of the
69 kV line to restore power to the loads, and avoid damaging equipment with out-of-phase
reclosing. One good way to summarize the protection methodology used is the fault matrix
in Table 2.10 and Figure 2.18.
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Table 2.10: Fault Scenario Matrix
Clearing Device
Fault B100 371 372 W1 W2 W3 W4 W5 W6
1 X
2 X X X
3 X X
4 X
5 X X X X X X
6 X
7 X
8 X
9 X
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CHAPTER 3
CONTROL AND USE-CASES
Microgrids have three main layers of control: primary, secondary and tertiary. Each control
layer is implemented to support different functions in the microgrid and can vary in its needs
for communication and speed.
3.1 Primary Control
Primary control is also known as local control or internal control. The objective of primary
control is to achieve equal power sharing by balancing the generation among the microgrid
DER sources. In this layer, control of the output voltage and phase angle at each DER
source is performed. Droop control is the most common primary control method adopted in
microgrids, due to its fast response, reliance on local measurement and independence of the
use of communications links. The basic principle of droop control is that as real power load on
the system increases, the droop control scheme will allow the system frequency to decrease.
Similarly, as the reactive power needs of the system increase, the droop control scheme will
allow the system voltage to decrease. Figure 3.1 shows the droop control characteristic plot.
A well-known drawback of droop schemes is the inherent frequency deviation as it performs
power sharing, which can be much more evident during system disturbances. With inverter
based DERs, frequency restoration is not practical due to inaccuracies in inverter frequency
output. These small frequency differences could result in increased circulating current and
ultimately an unstable system, especially during islanded microgrid scenarios. However,
sources with rotating machines do have frequency restoration control schemes. In microgrid
installations and as DERs are aggregated to support system loads, frequency inaccuracies
resulting from droop control schemes prompted control designers to introduce a second layer
of control.
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Figure 3.1: Primary Control Droop Curve [9]
3.2 Secondary Control
As discussed above, the need for better frequency control has called for a higher hierarchical
layer that corrects the errors in frequency and voltage caused by primary control. Secondary
control operates by setting voltage and frequency reference points for the overall system and
compares voltages and frequencies at each DER to these reference points, and accordingly
secondary control will issue compensations. Figure 3.2 shows how the droop curve is shifted
upwards using secondary control. This approach requires a communication network that
would allow secondary control to receive information from all DERs and in return issue con-
trol commands to maintain system stability. Microgrid protection and coordination depend
heavily on secondary control. As the microgrid transitions from one mode of operation to
another, such as transitioning from islanded to grid-tied, secondary control enables the cor-
responding protection settings that are associated with each mode. It is just as important in
issuing commands to other system assets, utilizing them as needed for frequency and voltage
stability. These assets are system equipment such as LTCs, regulators, capacitor banks, etc.
When discussing secondary control, an important question arises in relation to the type of
communication that can be used to enable it. Here, one can see that the industry is pretty
evenly divided into two camps, one that believes in and supports the concept of centralized
control, and another that believes in and supports decentralized or distributed control. Both
camps have their arguments.
Centralized control is more common and suitable for isolated microgrids with fixed in-
frastructure. A central master controller that connects to each DER exists. The central
controller collects data from all DERs at the same time, and it then runs frequency and
voltage stability logic, and based on the results, it then issues appropriate commands. This
design, its communication network and its decision-making hierarchy are simple. One of the
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Figure 3.2: Primary and Secondary Control Compensation [10]
major disadvantages of centralized control is that if the master central controller becomes
unavailable, secondary control decisions are now interrupted and are not made available to
the DER and microgrid assets. Another is that as the infrastructure changes, and additional
DERs or loads or new configurations are called for, the need to go back and modify the
master controller configurations and settings becomes more challenging.
Decentralized or distributed control uses peer-to-peer communication networks between
the DER assets. With a secondary control layer at each DER asset, where it collects all the
measurement information from other DERs using a communication network, this control
scheme then uses that information to produce new and appropriate control signals to send
to the primary control layer and resolve the steady state errors in frequency and voltage.
Decentralized control with its distributed architecture offers a higher level of redundancy and
improves the overall secondary control reliability. If one secondary control unit is interrupted,
it can be excluded from the overall scheme, but the rest of the microgrid system continues
to function with adequate primary and secondary controls in place.
3.3 Tertiary Control
With the diverse generation sources in microgrid, it is important to ensure optimal microgris
operation that maximizes the use of renewable DERs, minimizes cost and CO2 emissions,
while continuing to meet supply and demand balance under power flow system constraints.
These functions may take many names—economic dispatch, optimal power management and
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Figure 3.3: Tertiary Control Optimization [11]
power scheduling and planning—and fall under the tertiary control layer.
To perform the above tasks, the tertiary control layer will need to be able to forecast the
production of the renewable DERs as well as the load requirement. The tertiary control layer
will also need to interface with the market to collect price information and market signals to
identify and evaluate the different economic requirements. The tertiary control layer takes
the information from the forecasts and the markets and optimizes the dispatch planning and
schedules. Once the optimization is performed, it then interfaces with the secondary control
layer to update device statuses and then issue dispatch commands. See Figure 3.3 for a
description of a tertiary control optimization flow.
The Ameren team is a big believer in distributed control strategies. Ameren has adopted
distributed control philosophies on its medium voltage distribution network for distribution
automation projects, and has seen the reliability and resiliency benefits that distributed
control brings, and the Ameren team decided to extend these philosophies to the microgrid
project.
For this microgrid project, Ameren decided to implement three integrated control systems
or layers. Descriptions of all control systems/layers are listed in Table 3.1 and depicted in
Figure 3.4. The overall control system for the Ameren microgrid is shown in Figure 3.5.
These control layers and philosophies are best understood in the context of use-cases and
their role in monitoring, communicating with, and commanding the different DER assets
and devices in the microgrid. The following sections will detail each use-case and outline the
desired operation of the system in each. Studying and executing these use-cases will be the
core function of the microgrid team over the next few years, to gain a better and a deeper
understanding of the operation of microgrids.
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Figure 3.4: Primary, Secondary and Tertiary Control [11]
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Table 3.1: Microgrid Control Layers
Control Sys-
tem/Layer
Devices Description
Primary Control /
Layer 1
• DER built-in local
controls
• Sensors (CTs, PTs)
• Inverters
• Relays
This is a device-level control layer that
consists of DER built-in local controls
and sensors that provide direct and fast
control of each DER asset. For ex-
ample, controlling the active and reac-
tive power output to maintain voltage
and frequency within specified limita-
tions. Protective relays are integral to
this layer and are responsible for pro-
tection of DER assets. Layer 1 devices
will interface and integrate with Layer
2 devices and would receive commands
based on the current and desired oper-
ating state of the system.
Secondary Control
/ Layer 2 • DER Controllers
This is a network-level control layer that
consists of a distributed controller plat-
form. Distributed DER controllers in
this layer will communicate with Layer
1 devices and other sensing devices in
order to determine the status of the
system, issuing commands accordingly
based on the desired operating state of
the system to correct and stabilize volt-
age and frequency deviations. Layer 2
devices will interface and integrate with
Layer 3 devices as well, receiving com-
mands based on optimal system operat-
ing conditions.
Tertiary Control /
Layer 3
• Optimization
Server - DSO
This is an optimization level layer that
consists of a centralized economic opti-
mization and evaluation platform that
will take input on market data for pric-
ing and will forecast generation and load
to then optimize the mix of generation
production from each DER to maximize
economic benefit. This Layer will com-
municate directly with Layer 2, sending
optimal decision commands.
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Figure 3.5: Microgrid Control Layers
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Figure 3.6: Network Topography
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3.4 Use-Case #1: DER Monitoring, Control, and Integration
For Use-case #1, the desired objective was to determine the ability of the system to moni-
tor, control and integrate the DERs and associated equipment in both islanded and grid-tied
modes of operation. At a high-level, this means the ability to locally monitor and control
the DERs with local onsite communications and management tools, as well as the ability to
monitor and control by integrating into the utility’s global and central distribution manage-
ment system such as the Ameren ADMS system via SCADA. Figure 3.6 shows the complex
network topography and the challenging integration. In this use case, all control layers are
used and purposefully so, to test the integration of all three layers as well as the integration
with a utility ADMS system. Following is the list of the different interoperability scenarios
that was achieved:
• The ability to connect the different relays, inverters and controls (Primary Control
/ Layer 1) with the DER controllers (Secondary Control / Layer 2) via a mix of
communication protocols: DNP3, Modbus and GOOSE.
• The ability to connect the different relays, inverters and controls (Primary Control /
Layer 1) directly to Ameren’s SCADA for monitoring and control.
• The ability to connect DER controllers (Secondary Control / Layer 2) with the DSO
(Tertiary Control / Layer 3).
• The ability to utilize a mix of communication media such as fiber, serial and wireless
radio to connect these different devices across the different layers.
3.5 Use-Case #2: DER Optimal Power Flow
Use-case #2 is mainly handled by the Tertiary Control / Layer 3 in conjunction with in-
formation obtained and commands executed through the Secondary Control / Layer 2. In
this use-case, the objective is not only to solve for the optimal balance of generation and
loads but to also optimize the economic value of the microgrid in both islanded and grid-tied
modes of operation. This requires Tertiary Control / Layer 3 to be capable of interfacing
with the market to obtain pricing information for the different generation mix of DERs,
to obtain generation forecasts and load forecasts, obtain local real-time power and voltage
data of DERs via Secondary Control / Layer 2, and then the ability to perform security
constrained optimal power flow (SCOPF) with objective functions that maintain security,
stability and optimal economic value. Some of the advanced capabilities that are to be tested
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to achieve the objective functions of the SCOPF may include load shedding and demand
response. Once the optimal solution is achieved in Tertiary Control / Layer 3, the Secondary
Control / Layer 2 will then issue commands of power curtailment, new setpoints and others
accordingly to the DER devices.
3.6 Use-Case #3: Integrating with Existing ADMS
Use-case #3 was covered under use-case #1. The objective again is to make sure the new
microgrid system with all its layers of control can integrate successfully with ADMS. Func-
tional authority from ADMS over the microgrid must be achieved. All desired device and
system information must also be available to the ADMS system.
3.7 Use-Case #4: Islanding Transitions
Use-case #4 is concerned with the sequence of events and the different control layers that
will be responsible for ensuring the reliable transitions between island and grid-tied modes.
Following is a very high-level description of the potential sequence of operations that the
controllers will use to execute each of these transitions. The goal here is provide a general
understanding of the roles these controllers can play in the operations of the microgrid.
3.7.1 Transition to Island
During grid-connected mode, disturbances may occur that could cause upstream utility
device to reclose and lockout. In this case, Secondary Control / Layer 2 is responsible for
detecting the condition and, as a result, initiating the following series of events or commands
in order for the system to begin the automatic operations of islanded mode:
1. Loss of utility source is detected by the B100 relay.
2. Layer 2 controllers observe all devices and wait for indicated ready status.
3. Layer 2 controllers command one of the following to operate, depending on system
conditions:
• Battery in voltage source
• Natural gas generator
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4. Layer 2 controllers ensure that adequate capacity is available for the system loads.
5. Layer 3 monitors system and issues generation prioritization.
3.7.2 Return to Grid-Tied
When the utility source returns to normal, the following sequence of events or commands
will take place:
1. Layer 2 controller detects return of utility source and voltage on the utility side is good.
2. If natural gas generator is running, relays of B100 are measuring voltage magnitude,
phase angles and frequencies on both sides of the open B100.
3. Layer 2 controllers obtain that information, which is then shared with the DERs.
4. Battery and natural gas generators can calculate the difference between the islanded
microgrid voltage magnitude, phase angles and frequencies compared to the utility side
of B100.
5. Battery or natural gas generators will synch their voltages, phase angles and frequen-
cies.
6. Once the voltages, phase angles and frequencies of the battery or generator match
utility frequency, B100 is commanded to close.
7. Normal operation resumes.
Overall, we intend to evaluate the microgrids performance during these transitions and
ultimately show, measure and document the improvements in reliability that it provides to
the utility customers connected to it.
3.8 Use-Case #5: Frequency Control
Use-case #5 was designed to evaluate the microgrid’s ability to provide a stable and reliable
power system, and specifically the successful control of frequency output during islanded
mode of operation, during transient events and in response to an AGC control signal to
simulate participation in a frequency regulation market during grid-tied mode. These three
scenarios are discussed below as they relate to the control layers.
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3.8.1 Grid-Tied Frequency Regulation
Our intent here is to evaluate the DERs ability to respond to a simulated AGC signal that
will be sent to the assets from the Tertiary Control / Layer 3 and passed through Secondary
Control / Layer 2 on to the DERs. The DERs ability to respond to the simulated signals
and to closely follow the signal is what will be under evaluation.
3.8.2 Islanded Frequency Regulation
When the microgrid is operating in islanded mode, it will rely primarily on voltage references
set by either the battery or the natural gas generator. Each DER asset will then output
frequency and voltage within standard limits, controlled by Primary Control / Layer 1. The
DER controllers will monitor the frequency of the DER bus and will issue commands of real
and reactive power setpoints to the DERs to stabilize and maintain the overall DER bus
frequency within the narrow frequency window.
3.8.3 Islanded Frequency Response During Transient Events
This use-case attempts to address the DER response to transient events in relation to fre-
quency deviation. As the power system experiences faults or large load swings, the system
frequency is expected to deviate from nominal. For example, in the event of a fault or an
increase in load, the voltage source is expected to drop in frequency during the event. In the
event of a decrease of load, the voltage source is expected to increase in frequency during the
event. The recovery of the voltage source to bring frequency back within voltage limits de-
pends on the inertia of the voltage source. High-inertia sources like the natural gas generator
will experience a slower frequency deviation and a slower subsequent recovery compared to
low-inertia sources, in this case the battery. With this use-case, we will be verifying the sys-
tem’s ability to detect the transient event (for example to identify the change in rotor angle
on the rotating machine), maintain synchronism, and respond adequately to the frequency
deviation.
When islanded and the natural gas generators are the voltage source, the battery will be
in current source mode and all inverter based sources will follow the voltage reference of the
generators. During a transient event, the inverters are expected to trip oﬄine in accordance
with IEEE 1547. The generators must be able to recover from the transient and maintain
system stability, all happening via the Primary Control / Layer. When islanded and the
battery is the voltage source and the generators are oﬄine, the battery protection settings
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will be changed by the Secondary Control / Layer 2, to have ride-through setting and not
trip oﬄine.
3.9 Use-Case #6: Volt-Var Control
Use-case #6 aims at testing the ability of Secondary Control / Layer 2 to execute Volt-Var
optimization in synergy with the utility grid during grid-tied mode and with DERs only
during islanded mode. To execute Volt-Var, the system will first attempt to flatten the
voltage profile using capacitor banks out on the feeder and then lower the voltage magnitude
via transformer LTC or voltage regulators, all to achieve energy demand savings. For our
feeder, we do not have any capacitor banks on the feeder since it is a short compact feeder.
Our Volt-Var will then start with SCADA command to the Secondary Control / Layer 2 to
execute a voltage reduction by changing the set-point on the voltage regulators on feeder
371 to a desired new value. In grid-tied mode, the DERs will not be affected by the voltage
change of the regulators on 371 since they are responsible for their bust voltage only. During
islanded mode, the same scenario will hold.
3.10 Use-Case #7: Power Quality
Use-case #7 will monitor and measure the power quality performance of the microgrid.
Industry wide, microgrid owners have claimed improvements in power quality for loads served
by microgrid sources. Considering the fact that the majority of the generation sources are
inverter based, a valid question would be to evaluate whether these sources could/would
contribute to more harmonic distortion as they switch on and off converting AC to DC, or
whether they actually filter out these distorted wave forms and supply cleaner waves.
3.11 Use-Case #8: Demand Response
Use-case #8 is designed to explore how the Tertiary Control / Layer 3 can command loads
directly to perform demand response decisions, based on economic solutions or contingency
and capacity needs.
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3.12 Use-Case #9: EV Integration
In use-case #9 we intend to test the integration of the existing electric vehicle charging
station and electric vehicles that Ameren has at the TAC. The use of the EVs as a resource
that can be shed during islanded mode will be tested. Determining an optimum charging
schedule for the EV asset can be done in the Tertiary Control / Layer 3.
3.13 Use-Case #10: Peak Load Shaving
Use-case #10 is a function of Tertiary Control / Layer 3 and could also fall under use-case
#12. Utilizing the battery to economically or operationally shave peak loads is the focus of
this use-case.
3.14 Use-Case #11: Optimal Economic Dispatch
The expectation for Use-case #11 is to test the optimal economic dispatch algorithm provided
by the Tertiary Control / Layer 3 and its ability to accurately dispatch DERs according to
an objective function with power flow parameters.
3.15 Use-Case #12: Storm Preparedness
Use-case #12 will test the microgrid system ability, specifically Secondary Control / Layer
2, to receive a command from Ameren’s ADMS to go into islanded mode, in anticipation of
potential storms.
52
CHAPTER 4
CONCLUSIONS AND FUTURE WORK
Once complete and operational in May 2017, the microgrid will be the most advanced in
North America. What makes it unique and different from any other microgrid is its ability
to close-transition back to the utility grid from an islanded situation. All other microgrids
in North America today go through an open transition. What that means is that in order
for a microgrid that is islanded to return back and connect to the utility grid, it must first
disconnect and power down its generation sources, causing an outage to the loads it serves.
Once powered down and loads are de-energized, the utility source is brought back on, and
if successful, the microgrid assets can power on again and connect to the grid. This open
transition that exposes loads to an outage was something that the Ameren team took on as a
challenge and was determined, along with its partners on the project, to overcome. Ameren
became the first microgrid in North America to successfully sync back to the utility grid
while islanded and close-transition seamlessly back into the grid. The careful design and
implementation of secondary control and communications allowed this Ameren microgrid to
sync to the grid with two different voltage sources—the natural gas generators and the energy
storage—matching frequency, voltage and phase angle on both sides of the point of common
coupling and closing seamlessly. Another thing that makes this microgrid unique today is
the fact that it is the first that serves real bill-paying customers. The TAC load served off
circuit 371 will be benefiting from the grid-connected microgrid that provides these loads with
renewable energy and helps reduce system losses during normal operations. The microgrid
will provide these customers with better reliability and resiliency during utility disturbances
and outages, with its ability to island. Over the next few years, Ameren will be studying
and testing the use-cases discussed in Chapter 3, and will be the leading organization in
innovation and technology. The results of these use-cases will undoubtedly advance the
state of the art of microgrids nationwide and worldwide.
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APPENDIX A
SHORT CIRCUIT STUDY
This short circuit study in Figures A.1 - A.5 was created in MathCad. It uses informa-
tion available in Tables 2.2-2.6. IEEE standards [13] and [14] were used to support these
calculations.
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Figure A.1: Short Circuit Study in MathCad, Page 1
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Figure A.2: Short Circuit Study in MathCad, Page 2
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Figure A.3: Short Circuit Study in MathCad, Page 3
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Figure A.4: Short Circuit Study in MathCad, Page 4
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Figure A.5: Short Circuit Study in MathCad, Page 5
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